Abstract. Transdermal delivery of therapeutic amounts of vitamin D 3 is proposed to overcome its variable oral bioavailability, especially for people who suffer from fat malabsorption. The main challenge for this delivery route is to overcome the barrier properties of skin, especially for very lipophilic compounds such as vitamin D 3 . In this study, the effect of different penetration enhancers, such as oleic acid, dodecylamine, ethanol, oleic acid in propylene glycol, isopropyl myristate, octyldodecanol, and oleyl alcohol in propylene glycol were evaluated in vitro for their effectiveness in delivering vitamin D 3 through polyamide filter, polydimethylsiloxane membrane, and porcine skin. A diffusion cell was used to study the transdermal permeability of vitamin D 3 . Ointment formulations of vitamin D 3 were prepared containing the most widely used penetration enhancers, oleic acid, and dodecylamine. The ointment containing oleic acid as chemical penetration enhancer did not improve delivery compared to control. On the other hand, the formulation containing dodecylamine as a penetration enhancer did improve the transdermal delivery of vitamin D 3 . However, statistical significance and an amount high enough for nutritional supplementation purposes were reached only when the skin was pretreated with 50% ethanol. In these conditions, the ointment delivered an amount of 760-ng vitamin D 3 per cm 2 of skin. The research shows promise that transdermal delivery could be an effective administration route for vitamin D 3 when ethanol and dodecylamine are used as penetration enhancers.
INTRODUCTION
Vitamin D 3 is a naturally occurring form of vitamin D and plays an important role in bone mineralization and skeletal growth. More recently, there is evidence connecting plasma levels of vitamin D 3 and its metabolites with cancer, cardiovascular diseases, autoimmune disease, and infection (1) . The main source of vitamin D 3 prior to oral supplements was the natural synthesis in the skin upon exposure to ultraviolet light. Given the current lifestyle of most people, today, the main source of vitamin D 3 has become nutritional supplementation. The recommended daily allowance for normal children and adults is 400 IU/day. The best approach for assessing vitamin D status is measuring the level of 25-hydroxyvitamin D 3 (25(OH)D 3 , calcidiol) in the serum. According to many studies, low 25(OH)D 3 levels are associated with increased risk of many chronic diseases such as hypertension, inflammation, diabetes, and cancer (2) . Furthermore, high levels of 25(OH)D 3 were recently associated with increased risk of pancreatic cancer (3) . Therefore, each patient should be recommended an individualized optimal dose of vitamin D supplement.
Vitamin D 3 absorption is an important factor to consider when calculating an appropriate dose. When vitamin D 3 is administered orally, the absorption takes place in the proximal small intestine with the aid of bile acids. There are many factors that affect vitamin D 3 absorption resulting in large differences in the bioavailability of vitamin D 3 supplements in some populations. Any diseases resulting in malabsorption of intestinal fat will decrease vitamin D 3 absorption (1, 4) . In patients with celiac disease, biliary obstruction and chronic pancreatitis, the absorption of tritium-labeled ( 3 H)-vitamin D 3 fell to 50%, <28%, and <18%, respectively. This is significantly lower than normal subject absorption, which ranges from 62 to 91% (4, 5) . In another publication, it has been reported that only 50% of the vitamin D 3 dose is actually absorbed in cystic fibrosis patients (6) . Furthermore, longterm use of bile acid binding medications such as colestipol and cholestyramine will decrease vitamin D 3 absorption (5) .
It is difficult to estimate the pharmacokinetic properties of vitamin D 3 because of the nanomolar concentrations in the body. Less than 25% of vitamin D 3 is metabolized to 25(OH)D 3 . The level of vitamin D 3 in the serum is correlated to the vitamin D 3 in fat tissue (7) . The half-lives of vitamin D 3 , 25(OH)D 3 , and 1,25(OH) 2 D 3 are 24 h, 3 weeks, and 4-6 h, respectively (8) . The volume of distribution of unmetabolized vitamin D 3 is 4 l per kg (9) .
Vitamin D 3 is available on the market as oral solution, capsule, powder, and tablet. The absorption of vitamin D 3 from these formulations can be unreliable especially for patients with fat malabsorption. To address problems related to low bioavailability, other routes of administration can be investigated. Since vitamin D 3 is a potent lipophilic drug, having a short plasma elimination half-life, and is needed in a small daily dose, it can be considered as a good candidate for transdermal delivery.
Transdermal delivery has many advantages compared to oral or injection administration, such as avoiding side effects on the gastrointestinal tract, providing continuous drug delivery, and being easy to apply or remove. However, there are currently no quantitative studies regarding the effectiveness of this route of administration for vitamin D 3 . All studies so far have only investigated topical delivery of vitamin D 3 .
For example, in a clinical report of two cases with inferior heel pain, the patients were successfully treated with vitamin D 3 cream (10). The treatment consisted of applying a cream containing 1200 IU of vitamin D 3 per gram twice a day. The calcitriol and Ca 2+ levels in the serum were monitored after the treatment and were found to be in the normal range.
Another recent study analyzed the relationship between serum level of 25(OH)D 3 and stratum corneum hydration based on conductance measurements and tested the effect of topical application of vitamin D 3 on dry skin. The blood level of 25(OH)D 3 and skin conductive measurements for 83 subjects were taken. The results showed that subjects with low levels of 25-hydroxvitamin D had low skin conductance, which indicated that the subjects' skin was drier. Further, 61 subjects from the above group who were in the non-sufficient group were randomly chosen to receive either a vehicle or topical supplementation with vitamin D 3 (10 μg/g formulation). The group who received the vitamin D 3 supplementation significantly improved dryness compared to the subjects who received treatment without vitamin D 3 (11) .
Yamagishi et al. delivered calcitriol transdermally in dairy cattle (5 mg/animal) and studied the effects on plasma calcitriol and calcium concentrations. The tail skin of six healthy, nonpregnant Jersey heifers were treated for a duration of 2 days with three different types of patches: an encapsulated 500-μL reservoir solution made of 10 μg/μL calcitriol in vehicle (99% ethanol), 10 μg/μL calcitriol with 10 μg/μL dodecylamine in vehicle, or vehicle alone as control. Cattle treated with calcitriol alone or calcitriol with dodecylamine had significant increases in plasma calcitriol and Ca 2+ concentrations on day 2 and days 2 and 3, respectively (12) . Further, it has been proven that topical administration of active vitamin D 3 (1,25-dihydroxyvitamin D 3 ) and its analogues can be used as first-line treatment for plaque psoriasis (13) .
However, transdermal delivery of therapeutic amounts is very difficult to achieve for some compounds because of the barrier properties of the skin. There are specific requirements for a molecule in order to pass through the skin barrier, which are as follows: small molecular weight (<600 Da), an adequate solubility in both lipids and water, and a balanced partition coefficient (logP from −1 to 4) (14) . The molecular weight of vitamin D 3 is 384.64 g/mol, and the recommended daily dose is very small (0.01-5 mg). Vitamin D 3 is soluble in ethanol, acetone, ether, and chloroform and insoluble in water (15) . The measured lipid/water partition coefficient is 10.2 (16) . Except for its very high lipophilicity, vitamin D 3 is an excellent candidate for transdermal delivery.
Upon application on the skin, almost any chemical compound-and especially small molecules-will diffuse to some extent in the skin and through the skin. The purpose of the current study was to find if the amount of vitamin D 3 delivered transdermally from ointment formulations is small enough to be negligible or large enough to be useful for supplementation purposes; the influence of penetration enhancers on dermal and transdermal delivery was also investigated.
There are various techniques to enhance drug delivery through the stratum corneum. Both chemical and physical methods could enhance penetration through the skin barrier. One of the most effective methods to enhance transdermal delivery consists of using chemical penetration enhancers such as fatty acids, esters and alcohols, azones, amides, polyols, essential oils, terpenes, and certain polymers (17) .
Fatty acids have been used as penetration enhancers for several drugs such as donepezil, rivastigmine, caffeine, and propranolol. Oleic acid is a cis-unsaturated fatty acid and one of the most investigated chemical penetration enhancers. It is commonly used in many transdermal formulations. For example, oleic acid improves the penetration of both salicylic acid and 5-flurouracil through the human skin membrane (2) . Oleic acid could enhance penetration across the skin by phase separation (18) . There are several advantages to using oleic acid over any penetration other enhancers. Some advantages include that it is a natural compound, is recognized as safe, and is approved by FDA as inactive ingredient in some products such as Vivelle® (19) .
There are several studies that investigated the toxicity of oleic acid. According to Loftsson et al., oleic acid irritation depends on the other vehicle additives used because pure oleic acid or propylene glycol did not cause any irritation when they were applied to human skin for 6 h (20) . Oleic acid did not cause irritation when it was dissolved in n-propanol or 1-ethyl-1,3-hexanediol either. In contrast, when 5% oleic acid in propylene glycol was applied, minor irritation was detected and the irritation increased with increasing oleic acid concentrations. Moreover, Boelsma and his colleagues demonstrated that oleic acid toxicity depends on the thickness of the stratum corneum (21) . They found that when 5% labeled oleic acid/propylene glycol was applied to human stratum corneum for 21 h, no oleic acid was detected in the receptor medium. In the literature, concentrations of oleic acid ranging from 1 to 30% have been proposed for enhancing drug penetration across the skin (22) . Dodecylamine, another common enhancer, is a typical unsaturated fatty amine which is known to increase the skin permeation rate of various drugs (e.g., testosterone (23) and fluorouracil (24) ). Dodecylamine has been used as a penetration enhancer for a calcitriol transdermal patch (12) .
Several transdermal delivery formulations are available, such as gel, cream, lotion, ointment, microemulsion, liposomes, niosomes, transfersomes, ethosomes, and nanocarriers.
Ointment was chosen as the best transdermal delivery system for the current investigation because the ointment base increases the contact time with skin, which is vital for this highly lipophilic compound (25) . Moreover, ointment bases usually increase skin hydration and drug permeability, which are very important advantages over any other type of delivery system (17) . Many drugs have been used with ointment bases for transdermal delivery, such as salicylic acid and ketoprofen (26) .
For this project, petroleum jelly (Vaseline) was used as an ointment base because it has many benefits over the other bases; for example, petroleum jelly is compatible with many drugs, has an emollient effect, has good stability because of its anhydrous properties, and increases drug permeation because of its occlusive properties (27) .
MATERIALS AND METHODS

Materials
Vitamin D 3 , isotopically labeled vitamin D 3 , PEG 400, PEG 1500, anhydrous lanolin, white Vaseline, ammonium acetate (mass spectrometry grade), formic acid, HPLC grade acetonitrile, HPLC grade methanol, and phosphate buffer saline (pH = 7.4) were purchased from Sigma-Aldrich (Atlanta, GA). Isopropyl myristate, oleyl alcohol, and octyldodecanol were received as research samples from BASF (Tarrytown, NY). PDMS membranes with a thickness of 0.005″ were purchased from Specialty Silicone Products, Inc. (Ballston Spa, NY). Porcine serum and porcine ear skin (full thickness) were purchased from Bioreclamation (Hicksville, NY) and further processed as previously described (28) .
Preparation of Vitamin D 3 Ointment
Three formulations with vitamin D 3 were prepared: one as control and two with penetration enhancers, as shown in Table I .
Formulation 1 (F1) consists of vitamin D 3 ointment without any penetration enhancers and is used as control formulation. Formulation 2 (F2) contains in addition oleic acid as penetration enhancer while formulation 3 (F3) contains dodecylamine as penetration enhancer. To prepare the ointments, vitamin D 3 , white Vaseline, anhydrous lanoline, the penetration enhancer (except for F1), and PEG 1500 were melted together (70°C) on a steam bath; after they were melted, hot PEG 400 solvent was added slowly and stirred (29) .
Physical stability of the ointment preparations was checked by monitoring the color and odor during the experiment, as well as by examining each formulation under the polarized light microscope.
Preparation of Stock, Working, and Calibration Solutions
All stock solutions were prepared in ethanol at concentrations of 1.04×10 7 nM, 6.24×10 5 nM, and 2. The calibration standards were prepared when needed at concentrations of 4, 20, 100, 500, and 2500 nM by serial dilutions of the working solution with 75:25 acetonitrile:water.
Extraction of Vitamin D 3 from Samples
Acetonitrile was used both to extract vitamin D 3 and 25-hydroxyvitamin D 3 from samples and to precipitate plasma proteins (in the case of porcine serum samples). The extraction method was previously described and validated (30) . Briefly, 100 μL of solvent (acetonitrile) with deuterated vitamin D 3 standard at a concentration of 300 nM was vortexed with 50 μL of sample for 5 min at 2500 rpm, sonicated for 10 min, and centrifuged at 7000 rpm for 30 min. Subsequently, a portion of the supernatant, around 100 μL, was transferred into small volume glass inserts for autosampler vials and subjected to analysis by LC-MS/MS (10 μL injected).
To evaluate the extraction method, a 5 μL spike from a 5000 nM solution of vitamin D 3 and 25-hydroxyvitamin D 3 was mixed with 45-μL porcine serum for 10 min to obtain a final concentration of 500 nM vitamin D 3 (and metabolite). Then, the extraction procedure and analysis were performed as described above in this section. Each experiment was performed at least in triplicate.
Because porcine serum already contains some vitamin D 3 , blank corrections were made. Fifty microliters of serum was vortexed with 100 μL of the solvent with deuterated vitamin D 3 standard at a concentration of 300 nM to precipitate serum proteins and extract vitamin D 3 , followed by the general analytical procedure. This experiment was performed at least three times for each batch of serum.
H i g h P e r f o r m a n c e L i q u i d Ch ro m a t o g r a p h y -M a s s Spectrometry
A Waters Acquity ultra performance liquid chromatography system was used with a C18 column (2.1 by 50 mm) packed with 1.7-μm particles. The HPLC method was as follows: the mobile phases used were (A) 2 mM ammonium acetate with 0.1% formic acid and (B) methanol with 0.3% formic acid at a flow rate of 0.3 mL/min and a gradient from 50 to 95% solvent B. The run time for each sample was 7.5 min. The internal standard was isotopically labeled vitamin D 3 (6,19,19-D 3 ). The system was equipped with a triple quadrupole mass spectrometer and was used in positive ion electrospray ionization mode. Detection was performed by 3 . The relative standard deviation (RSD) of the analytical method, determined at three concentration levels in porcine serum and skin homogenate (low 5 nM, medium 50 nM, and high 500 nM) varied between 2.9 and 5.3% for intra-day and inter-day experiments, respectively. Method accuracy varied between 105% for low concentrations to 97% for high concentrations, which indicates that the LC-MS/MS method gave excellent reproducibility and good accuracy in the data set. The linear range evaluated in this study was 4-2500 nM vitamin D 3 in serum, skin homogenate, and PBS, with an excellent correlation coefficient (R 2 =1).
Solubility Test
The solubility limit of vitamin D 3 in various receptor solutions (20% ethanol in phosphate buffer; porcine serum) was tested to select the best receptor medium for the diffusion cell experiments, in order to achieve sink conditions. First, an excess amount of vitamin D 3 powder was allowed to dissolve in 8-mL 20% ethanol in phosphate buffered saline. Separately, an excess amount of vitamin D 3 powder was added to a vial containing 4-mL porcine serum with 0.1% sodium azide (to prevent bacterial growth). Each experiment was done in triplicate. The solutions were kept in a 37°C incubator for 24 h. After 24 h, 1.0-mL supernatant was collected and centrifuged at 7000 rpm for 15 min. Aliquots of 50 μL were taken from each vial and further processed using the general sample preparation and analysis procedure for measuring the concentration of vitamin D 3 . In the case of the samples collected from the serum experiments, analysis was performed after a suitable dilution with mobile phase.
Diffusion Cell Experiments
The vertical Franz diffusion cell (PermeGear, Hellertown, PA) was used to investigate the vitamin D 3 release from the three investigated formulations, as well as vitamin D 3 delivery through artificial membrane and porcine skin.
The in vitro release of vitamin D 3 from the ointment formulation was tested using a polyamide filter (0.22 μm pore size). An "infinite" dose was placed on a filter and mounted on the Franz diffusion cell. The infinite dose means that the amount of drug applied to the membrane is sufficient to achieve and maintain the maximum rate of absorption into the receptor solution. To obtain the steady state conditions where the absorption rate and permeability coefficient can be calculated, doses of >10 mg/cm 2 are required. The diffusion surface area was 0.91 cm 2 for the cells used in this research. Therefore, 0.334 g of the formulation, which was equivalent to 10 mg of vitamin D 3 , was applied to the filter membrane. The temperature was maintained around 37°C. The receptor medium contained 8 mL of porcine serum (in which the solubility of vitamin D 3 is high enough to maintain sink conditions). Accurate volumes of samples from the receptor phase (100 μl) were withdrawn at time points 0, 0.5, 1, 3, 5, 7, 12, and 24 h. The volume of each withdrawn sample was replaced with fresh receptor medium to keep the volume constant. The amount of vitamin D 3 released was determined by LC-MS/MS as described above.
For delivery through an artificial membrane, ointment containing an infinite dose of vitamin D 3 was placed on a polydimethylsiloxane (PDMS) membrane and mounted on the Franz diffusion cell.
For investigating transdermal delivery, porcine skin was used instead of a PDMS membrane. The skin's electrical resistance was measured before and after each diffusion cell experiment to test the skin integrity. A multimeter was used to test the resistance. Skin with a specific electrical resistance of <1.8 KΩ/cm 2 was considered damaged and was not used, as previously reported (31) .
Skin pretreatment with penetration enhancers was carried out as follows: skin resistance was measured; skin was treated with various penetration enhancers; skin was washed with phosphate buffer; skin resistance was measured before the diffusion cell experiment; the amount of vitamin D in the receptor solution was measured at the times 0, 0.5, 1, 3, 5, 7, 12, and 24 h; and skin resistance was measured again at the end of the experiment.
Assay of Vitamin D 3 Concentration in the Skin Using the Tape Stripping Method
To measure the cutaneous delivery of vitamin D 3 , the skin from the permeation experiments was used after thoroughly washing with distilled water. Adhesive tape was used to remove the stratum corneum from epidermis. Fifteen strips were used to remove the stratum corneum from the epidermal tissues. The pieces of tape were cut so that they covered the diffusion area. The first tape strip was discarded, and the following fifteen tape strips were placed in a vial. The area outside of the flange imprints of the viable epidermis was trimmed; the remaining part, which was exposed to the formulation, was cut into small pieces, placed in a vial, homogenized with a tissue homogenizer for 1 min, and processed further according to previously published procedures (32) .
Vitamin D 3 was removed from the tape by a serial liquid extraction method using three volumes of 1 mL acetonitrile (3 mL total), which ensured that all the vitamin D 3 was extracted from the tape. Extraction of vitamin D 3 from the dermal tissues was also performed by serial liquid extraction using 2 volumes of 2 mL acetonitrile (4 mL total) to extract all the vitamin D 3 . The content of each vial was vortexed for 5 min, sonicated for 15 min, and filtered. Then, 50 μL supernatant from each vial was mixed with 100 μL acetonitrile containing internal standard and treated as previously described for vitamin D 3 extraction. After that, LC-MS was used to measure the amount of vitamin D 3 in each of the samples.
The amount of the vitamin D 3 in the receptor phase was used to calculate the index of transdermal delivery, and the amount in the SC and epidermal tissues were used to calculate the index of topical delivery.
Vitamin D 3 Diffusion and In Vitro Release
There are several different release mechanisms such as zero order, first order, and Higuchi release (33, 34) . Curve fitting and statistical analysis were used to find the best fit.
Microsoft Excel 2010 and SigmaPlot 10 were used to perform the curve fitting.
The Korsmeyer and Peppas model described drug release using Eq. 1: (35)
where M t /M ∞ is the fraction of drug released at time t, k is the kinetic constant of the system, and n is the release exponent. The n value is used to differentiate between different release mechanisms as follows: Fickian diffusion (Higuchi release) for n=0.5, non-Fickian release for 0.5<n<1, zero-order release (case II transport) for n=1, and super case II transport for n >1.
The cumulative amount of vitamin D 3 that diffused through polyamide filter, PDMS membrane, and porcine skin was calculated using Eq. 2:
where Cum n is the cumulative amount of vitamin D 3 in the receptor medium, V R is the receptor volume, C n is the concentration of the n th sample, V col. is the collected sample volume, and C i is the concentration of the i th sample. In this study, the receptor solution volume was 8 mL and the collected volume was 100 μL.
Diffusion parameters were calculated by plotting the cumulative amount permeated in 24 h versus time. The slope of the curve was the flux (J) and the x-intercept of the straight line was lag time. To calculate the apparent permeability coefficient (Kp), the flux was divided by the donor concentration (36) .
The enhancement factor (EF) of each penetration enhancer was calculated using Eq. 3 (37):
where J p is the flux for the ointment containing penetration enhancer and J c is the flux for the control formulation.
RESULTS
Physical Appearance and Homogeneity
The physical appearance and homogeneity of the prepared ointments were examined visually and under the polarized light microscope. All three formulations were uniform in appearance and had a light yellow color. As Fig. 1 shows, there were no solid or un-dissolved particles in the formulations.
Vitamin D 3 Solubility Studies
The solubility limit of vitamin D 3 was found to be 6.7×10 2 ±32 nM (n=3) in a solution of 20% ethanol in phosphate buffer saline and 2.6×10 4 ±2.1×10 3 nM (n=3) in porcine serum.
Investigation of Vitamin D 3 Delivery
In Vitro Release and Penetration Through PDMS Artificial Membrane
The amounts of vitamin D 3 (ng/cm 2 ) delivered through the filter membrane from F1, F2, and F3 ointments at various time points are shown in Fig. 2 
In Vitro Skin Penetration Study
Skin penetration of vitamin D 3 from the two formulations with penetration enhancers was studied by comparison to the control formulation. As Fig. 4 shows, both formulations with enhancers delivered more vitamin D 3 into both the stratum corneum and epidermis than the control over the first 24 h of the experiment. Compared to F1, formulation F2 delivered four times more compound into the epidermis and two times more into the stratum corneum, while F3 delivered eight times more into the epidermis and ten times more into the stratum corneum.
The cumulative amounts of vitamin D 3 penetrated through the skin into the receptor solution (pig serum) over 24 h from F1, F2, and F3 were found to be 170±48, 0, and 360±260 ng/cm 2 , respectively. For F2, no detectable increase in the concentration of vitamin D 3 in the porcine serum was observed. Since these amounts are too low for delivering the daily dose of vitamin, pretreatment of skin with various other penetration enhancers was investigated.
As shown in Fig. 5 , skin pretreatment with 5% oleic acid in propylene glycol (5% OA/PG) or with 50% ethanol resulted in higher transdermal delivery of vitamin D 3 in contrast to experiments that did not include pretreatment.
DISCUSSION
Vitamin D 3 Solubility Studies
To choose the optimal receptor medium for the diffusion cell experiments, the solubility of vitamin D 3 in both phosphate buffer (PBS) containing 20% ethanol and porcine serum was measured. The receptor medium used for the in vitro vitamin D 3 transdermal delivery experiments was serum because it provided sink conditions (much higher solubility for the vitamin).
The solubility limit of vitamin D 3 in water is very low, of only 170 nM (38). In order to provide sink conditions, the receptor medium should have an adequate capacity to solubilize vitamin D 3 (39) . Adding 20% ethanol to PBS is the classical approach to increase the solubility of lipophilic drugs in the receptor medium (40) . However, the disadvantage of using a high content of ethanol is that it can negatively impact skin integrity. Furthermore, the solubility limit of vitamin D 3 is still too low even in 20% ethanol solutions. Another way to increase the solubility is to use porcine serum because serum naturally contains vitamin D binding protein and albumin which help to increase the solubility of vitamin D 3 in the receptor medium (41) . As expected, the solubility limit of vitamin D 3 in porcine serum (2.6×10 4 nM) was found to be much higher than the solubility in water (1.7×10 2 nM) or in 20% ethanol in PBS (6.7 × 10 2 nM). This increased solubility is the main reason for using porcine serum as receptor medium instead of 20% ethanol solution. As an added advantage, the porcine serum helped maintain the integrity of the porcine skin and provided more physiological conditions for the transdermal delivery experiment (42) (43) (44) . The average vitamin D 3 level in blank serum was found to be 22.4±1.4 nM (n=4). This level was used as the baseline concentration for all transdermal delivery experiments. The actual vitamin D 3 concentrations were determined by subtracting the normal concentration of the serum from the concentration of the sample. In addition, the concentration of 25(OH)D 3 was monitored in all samples and was found to be absent in non-biological solutions and constant in biological samples (porcine serum).
Investigation of Vitamin D 3 Delivery
In Vitro Release and Penetration Through PDMS Artificial Membrane
Release of vitamin D 3 across a polyamide filter and penetration through a polydimethylsiloxane (PDMS) membrane were evaluated for all three ointment formulations in order to characterize them before tests on skin (45) (46) (47) .
The maximum release rates that can be achieved by the investigated formulations were observed when the only barrier between the ointments and the receptor solution was a porous filter. The presence of dodecylamine as a penetration enhancer in the F3 ointment helped promote the release of vitamin D 3 compared to the control formulation. On other hand, oleic acid-the penetration enhancer in the F2 ointment-decreased the release of vitamin D 3 compared to the control. This is most likely due to the lipophilic complex formed between oleic acid and vitamin D 3 (48, 49) . This was not unexpected, since a similar decrease in the release rate has also been reported for alfuzosin hydrochloride gel when oleic acid was used as penetration enhancer (36) . Because of the barrier properties of PDMS, the amount of vitamin D 3 permeated through the membrane was lower than in the case of the filter for all the formulations. As previously shown, PDMS membranes have barrier properties that are very similar to the stratum corneum of the skin (46, 50) . The highest vitamin D 3 delivery rate was achieved by the F3 formulation, as in the case of the experiments with the polyamide filter. In addition, the F2 formulation delivered more vitamin D 3 than the control, emphasizing the role of oleic acid in permeabilizing the membrane.
As Table II shows, the flux through the filter for the formulation containing dodecylamine was 1.5 times higher than the value obtained without an enhancer. While F2 also contains a penetration enhancer, oleic acid, the flux through the filter was lower than for the control. Both the flux and permeability for F2 and F3 through PDMS membrane are 2-5 times higher than the values achieved without an enhancer (F1). The formulation containing dodecylamine as a penetration enhancer improved the flux of vitamin D 3 for both the filter and PDMS membrane compared to the control. Kinetic modeling showed that the release exponent for all formulations was around 1, indicating that the drug release mechanism was zero order.
In Vitro Skin Penetration Study
Porcine skin was used to investigate the transdermal permeation of vitamin D 3 from all the formulations. Skin integrity was verified by measuring its electrical resistance before and after the transdermal delivery experiment. The electrical resistance values indicated that the skin sections maintained integrity for the experiments with all three ointment formulations, as well as when the skin was pretreated with either 50% ethanol at 37°C or 5% oleic acid in propylene glycol at 4°C.
As Fig. 4 shows, the amount of vitamin D 3 retained in the skin at the end of the 24-h transdermal delivery experiments for the formulations containing oleic acid or dodecylamine was higher than for the control formulation. A higher vitamin D 3 concentration in the skin tissue could increase the flux across the skin, from the formulation into the blood stream-provided a long enough time is given (51) . The formulation with dodecylamine showed the highest amount of vitamin D 3 delivered topically.
The average cumulative amount delivered transdermally by the formulation containing dodecylamine as a penetration enhancer was higher than that delivered by the control formulation, although statistical significance was not reached. For the formulation containing oleic acid, no detectable amount of vitamin D 3 permeated through the porcine skin during the first 24 h of the experiment. Longer times were not investigated since the barrier function of excised skin can decrease significantly after the first 24 h (28, 40) . Apparently, more than 24 h are needed in the case of F2 to start permeation into the receptor solution. On average, F3 provided an enhancement ratio of 2.2 over the control formulation.
The lag time for formulations F1 and F2 was much longer (from 12 to more than 24 h) than the lag time for F3 (∼7 h). Overall, the lag time for all formulations was very long as the highly lipophilic vitamin D 3 needs time to diffuse from the ointment to the skin and also to penetrate through skin and interact with skin lipids.
Furthermore, the cumulative amounts of vitamin delivered by the ointment formulations with penetration enhancers were too low for delivering transdermally the recommended daily dose of vitamin D 3 (on a reasonably small area of skin). In order to further decrease lag time and improve vitamin D 3 Fig. 4 . Vitamin D 3 delivered to the stratum corneum (SC) and epidermis (EPI) Fig. 5 . Cumulative amount for the control and F3 formulations with or without skin pretreatment; values represent mean±S.E. for three trials; OA/PG represents oleic acid in propylene glycol; pretreatment with 5% OA/PG was done at 4°C and pretreatment with 50% ethanol was done at 37°C transdermal delivery, skin pretreatment with other penetration enhancers was investigated, as previously proposed (17, (52) (53) (54) .
The following penetration enhancers were used to treat the skin before applying the ointment formulation: 5% OA/PG, isopropyl myristate, octyldodecanol, 5% oleyl alcohol in propylene, and 50% ethanol. It was found that none of these pretreatment agents helped increase the cumulative amount of vitamin delivered, except for 5% oleic acid in propylene glycol and 50% ethanol in phosphate buffer.
Several studies indicated that the combination of oleic acid with propylene glycol improves the transdermal penetration of drugs (22, 55, 56) . In this research, oleic acid was applied to skin samples as a solution at 5% in propylene glycol, for durations ranging from 4 to 12 h and at a temperature of either 4 or 37°C. Pretreatment at body temperature for 12 h was found to decrease the barrier function of the skin too much, as determined by skin resistance measurements, and was not used further. In order to maintain the skin integrity, a shorter pretreatment time of 4 h at 37°C was investigated. However, this pretreatment failed to improve transdermal delivery of vitamin D 3 . As an alternative, pretreatment for a longer time at a lower temperature was investigated. When skin samples were pretreated with 5% OA/PG for 12 h at 4°C, the skin kept its integrity and the cumulative amounts (ng/cm 2 ) of vitamin delivered by F1, F2 and F3 were approximately double (by comparison to experiments with untreated skin). The amount delivered by the ointment with dodecylamine (F3) continued to be the highest. However, despite improvements in transdermal delivery, pretreatment for 12 h at 4°C was considered to be unlikely to have practical applicability.
On the other hand, pretreatment of skin with 50% ethanol in phosphate buffer for 4 h at 37°C was sufficient to significantly increase transdermal delivery. The cumulative amount of vitamin D 3 delivered from F3 in this case was 760 ng/cm 2 , statistically larger than the amount delivered by the control formulation (Fig. 5) . Further advantages of pretreatment with ethanol were that it improved delivery after a shorter exposure time, and it was applicable at physiological temperature. It has been previously reported that ethanol undergoes a synergistic effect when it is combined with chemical permeation enhancers (39, 53, 57) . In addition to the direct effect on skin permeability, ethanol solubilizes the enhancer in the stratum corneum which amplifies the lipid modulating effect. Also, ethanol is used as a penetration enhancer in many lipophilic drug formulations such as those for estradiol and fentanyl (58, 59) . Our finding is similar to previous research showing that solutions of 25-50% ethanol increase the skin permeability of fluorescein (57) . Vitamin D is a micronutrient that is usually administered daily in cases of deficiency; people who suffer from fat malabsorption and vitamin D deficiency would take vitamin D transdermally daily for long periods of time and their skin will already contain the penetration enhancers from previous doses-which can improve the transdermal flux for multiple doses. Further in vivo studies will be required to fully explore transdermal delivery of vitamin D.
Overall, these findings suggest that vitamin D 3 can penetrate the skin in therapeutic quantities even with its high lipophilicity, provided that proper penetration enhancers are used. However, this may not be true for all lipophilic compounds. Vitamin D 3 is a particular case since the blood of mammalian species contains a high concentration of proteins that can strongly bind it, such as albumin and vitamin D binding protein (41, 60) . These proteins help solubilize vitamin D 3 in the blood and increase the rate of transdermal delivery.
CONCLUSIONS
This study sought to investigate transdermal delivery of vitamin D 3 by using different chemical penetration enhancers. To our best knowledge, this is the first report investigating quantitatively the transdermal delivery of vitamin D 3 , which opens the prospect for further research regarding this delivery route for vitamin D 3 . Combining dodecylamine and ethanol as penetration enhancers significantly improved the transdermal delivery of vitamin D 3 when compared to the control formulation. Based on the recommended daily dose of vitamin D 3 (400 IU or 10 μg) and the results of this study, delivery of the recommended daily dose could potentially be achieved by covering a surface of skin of 3.6×3.6 cm with vitamin D 3 ointment containing both ethanol and dodecylamine. Although these results have only been demonstrated for porcine skin, it is possible that similar results will be obtained in vivo in humans since porcine skin is known to be the best alternative to human skin for in vitro testing of transdermal delivery. This research suggests that transdermal delivery could be an effective way for humans to receive the recommended daily dose of vitamin D 3 . Transdermal delivery of vitamin D 3 could be especially helpful for people who suffer from fat malabsorption.
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